genes which were commonly employed in plant transformation heretofore. In another 
aspect, the present invention also provides novel synthetic plant genes which encode non- 
plant proteins. 

As described above, the expression of native B. thuringiensis genes in plants is 
5 often problematic. The nature of the coding sequences of B. thuringiensis genes 
distinguishes them from plant genes as well as many other heterologous genes expressed 
in plants. In particular, B. thuringiensis genes are very rich (-62%) in adenine (A) and 
thymine (T) while plant genes and most other bacterial genes which have been expressed 
in plants are on the order of 45-55% A+T. 

10 " Due to the degeneracy of the genetic code and the limited number of codon 
choices for any amino acid, most of the "excess" A+T of the structural coding sequences 
of some Bacillus species are found in the third position of the codons. That is, genes of 
some Bacillus species have A or T as the third nucleotide in many codons. Thus A+T 
content in part can determine codon usage bias. In addition, it is clear that genes evolve 

1 5 for maximum function in the organism in which they evolve. This means that particular 
nucleotide sequences found in a gene from one organism, where they may play no role 
except to code for a particular stretch of amino acids, have the potential to be recognized 
as gene control elements in another organism (such as transcriptional promoters or 
terminators, polyA addition sites, intron splice sites, or specific mRNA degradation 

20 signals). It is perhaps surprising that such misread signals are not a more common feature 
of heterologous gene expression, but this can be explained in part by the relatively 
homogeneous A+T content (-50%) of many organisms. This A+T content plus the 
nature of the genetic code put clear constraints on the likelihood of occurrence of any 
particular oligonucleotide sequence. Thus, a gene from E. coli with a 50% A+T content 

25 is much less likely to contain any particular A+T rich segment than a gene from B. 
thuringiensis. 

Typically, to obtain high-level expression of the S-endotoxin genes in plants, 
existing structural coding sequence ("structural gene") which codes for the S-endotoxin 
are modified by removal of ATTTA sequences and putative polyadenylation signals by 
30 site directed mutagenesis of the DNA comprising the structural gene. It is most preferred 
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that substantially all the polyadenylation signals and ATTTA sequences are removed 
although enhanced expression levels are observed with only partial removal of either of 
the above identified sequences. Alternately if a synthetic gene is prepared which codes 
for the expression of the subject protein, codons are selected to avoid the ATTTA 
5 sequence and putative polyadenylation signals. For purposes of the present invention 
putative polyadenylation signals include, but are not necessarily limited to, AATAAA, 
AATAAT, AACCAA, ATATAA, AATCAA, ATACTA, ATAAAA, ATGAAA, 
AAGCAT, ATTAAT, ATACAT, AAAATA, ATT AAA, AATTAA, AATACA and 
CATAAA. In replacing the ATTTA sequences and polyadenylation signals, codons are 

1 0 preferably utilized which avoid the codons which are rarely found in plant genomes. 

The selected DNA sequence is scanned to identify regions with greater than four 
consecutive adenine (A) or thymine (T) nucleotides. The A+T regions are scanned for 
potential plant polyadenylation signals. Although the absence of five or more 
consecutive A or T nucleotides eliminates most plant polyadenylation signals, if there are 

15 more than one of the minor polyadenylation signals identified within ten nucleotides of 
each other, then the nucleotide sequence of this region is preferably altered to remove 
these signals while maintaining the original encoded amino acid sequence. 

The second step is to consider the about 15 to about 30 or so nucleotide residues 
surrounding the A+T rich region identified in step one. If the A+T content of the 

20 surrounding region is less than 80%, the region should be examined for polyadenylation 
signals. Alteration of the region based on polyadenylation signals is dependent upon (1) 
the number of polyadenylation signals present and (2) presence of a major plant 
polyadenylation signal. 

The extended region is examined for the presence of plant polyadenylation 

25 signals. The polyadenylation signals are removed by site-directed mutagenesis of the 
DNA sequence. The extended region is also examined for multiple copies of the ATTTA 
sequence which are also removed by mutagenesis. 

It is also preferred that regions comprising many consecutive A+T bases or G+C 
bases are disrupted since these regions are predicted to have a higher likelihood to form 

30 hairpin structure due to self-complementarity. Therefore, insertion of heterogeneous base 
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pairs would reduce the likelihood of self-complementary secondary structure formation 
which are known to inhibit transcription and/or translation in some organisms. In most 
cases, the adverse effects may be minimized by using sequences which do not contain 
more than five consecutive A+T or G+C. 

5 

4.1 1 Methods for Producing Insect-Resistant Transgenic Plants 

By transforming a suitable host cell, such as a plant cell, with a recombinant 
crylC* gene-containing segment, the expression of the encoded crystal protein (Le., a 
bacterial crystal protein or polypeptide having insecticidal activity against lepidopterans) 

1 0 can result in the formation of insect-resistant plants. 

By way of example, one may utilize an expression vector containing a coding 
region for a B. thuringiensis crystal protein and an appropriate selectable marker to 
transform a suspension of embryonic plant cells, such as wheat or corn cells using a 
method such as particle bombardment (Maddock et al, 1991; Vasil et al, 1992) to 

15 deliver the DNA coated on microprojectiles into the recipient cells. Transgenic plants are 
then regenerated from transformed embryonic calli that express the insecticidal proteins. 

The formation of transgenic plants may also be accomplished using other methods 
of cell transformation which are known in the art such as Agrobacterium-mediaied DNA 
transfer (Fraley et al, 1983). Alternatively, DNA can be introduced into plants by direct 

20 DNA transfer into pollen (Zhou et al, 1983; Hess, 1987; Luo et al, 1988), by injection of 
the DNA into reproductive organs of a plant (Pena et al, 1987), or by direct injection of 
DNA into the cells of immature embryos followed by the rehydration of desiccated 
embryos (Neuhaus et al, 1987; Benbrook et al, 1986). 

The regeneration, development, and cultivation of plants from single plant 

25 protoplast transformants or from various transformed explants is well known in the art 
(Weissbach and Weissbach, 1988). This regeneration and growth process typically 
includes the steps of selection of transformed cells, culturing those individualized cells 
through the usual stages of embryonic development through the rooted plantlet stage. 
Transgenic embryos and seeds are similarly regenerated. The resulting transgenic rooted 

30 shoots are thereafter planted in an appropriate plant growth medium such as soil. 
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